Using density functional theory, we study the effect of injected electrons (simulating photoexcited electrons) on the energetics, structures, and binding sites available to CO 2 molecules on subnanometer Pt clusters decorated onto anatase TiO 2 (101) surfaces, shedding light on the first and key step of CO 2 photoreduction. Upon the addition of one, two, or three electrons, the O-C-O angles of adsorbed CO 2 become progressively smaller in binding sites that directly contact Pt clusters, while no significant change is found in the intra bond length of the adsorbed CO 2 and in bonding distances between the adsorbed CO 2 and supported clusters. The extra electrons lead to the stabilization of adsorption sites identified on neutral slabs, including previously metastable configurations, suggesting enhancement of accessible CO 2 binding sites. Furthermore, supported clusters are able to populate the electronic states of adsorbed CO 2 species, facilitating the formation of the CO 2 anion. To help interpret experimentally observed frequencies, conversion factors are proposed to gain insight into the charge state and O-C-O angle of the adsorbed CO 2. Interestingly, upon electron addition, cluster reconstruction may exist due to the bonding inclination between CO 2 and atoms in the Pt cluster, further stabilizing the intermediate complexes. Finally, the rate-limiting step (C-O bond cleavage) in the CO 2 dissociation to CO is slightly reduced by the introduction of an extra electron. Our results show that subnanometer metal clusters based photocatalysts are good candidates for CO 2 photoreduction.
Introduction
Harvesting solar energy to convert CO 2 to hydrocarbon fuel addresses two major challenges facing the planet: reducing CO 2 levels in the atmosphere and capturing/storing solar energy. [1] [2] [3] According to an Intergovernmental Panel on Climate Change report (IPCC 2007), 4 the atmospheric CO 2 level has been rising at an increasing rate due to the increased consumption of energy. Recently, 81% of energy usage comes from fossil fuels. 3 Renewable fuels production from biomass, wind, solar energy are some possible ways to reduce CO 2 emissions. 2 CO 2 photoreduction via sunlight is a very attractive option, because it addresses these two significant challenges at the same time. 5 However, one critical issue is the low photo-efficiency, 6 which retards the progress of CO 2 photoreduction toward its practical applications. Of the techniques to improve the photoefficiency, the deposition of metal particles on a host photocatalyst has drawn significant interest.
The nanoparticles can work as co-catalysts to mitigate the recombination of e-/h+ pairs and also as plasmonic particles to increase the concentration of photoexcited electrons. 7, 8 Subnanometer clusters applied to CO 2 photoreduction have recently attracted attention due to their unique properties: dynamic structural fluxionality, 9 larger fraction of under-coordinated surface atoms, 10, 11 and interaction between deposited cluster and the support. 12 These unique properties have shown enhanced catalytic activity in many catalytic reactions. 9, 10, [13] [14] [15] Theoretical exploration can play a significant role in the efficient design of promising photcatalysts. 16 Recently, we have explored the interplay of CO 2 , subnanometer Ag and Pt clusters, and TiO 2 surfaces using first-principles calculations toward the design of promising photocatalysts for gas/solid phase CO 2 photoreduction. [17] [18] [19] We began with a fundamental study of the interactions of subnanometer Ag and Pt clusters and the TiO 2 support to gain insights into sintering, encapsulation, and sub-bandgaps 17 that are crucial in (photo)catalysis. The potential of subnanometer Ag clusters on AgBr(110) as a promising photocatalyst was also revealed. 20 The interaction of CO 2 molecules and supported Pt clusters surfaces was then investigated with a focus on the geometry and electronic structure of adsorbed CO 2 species, which sheds light on the first and key step (CO 2 to CO 2 anion 6, 21 ) of the CO 2 photoreduction mechanisms. 18 Prior ab initio studies showed that bent form CO 2 barely adsorbs on TiO 2 surfaces 22-25 except for surfaces with oxygen vacancies exhibiting some adsorption sites. 21, 26 Similar trends were found on other oxide surfaces, such as ceria(110). 27 We further found that Pt octamers deposited on anatase TiO 2 enhance adsorption sites for bent form CO 2 , a precursor for the formation of CO 2 anion. 18 Similar results were obtained on supported Cu clusters. 28 Next, we explored the morphological effect of the 2D and 3D Pt clusters on CO 2 adsorption, thus explaining the structural fluxionality of subnanoclusters; 19 a similar study was also conducted on supported Au clusters. 29 Recently, the CO 2 adsorption dynamics was studied on anatase TiO 2 (101) using combined UHV-FTIRS and first-principles calculations, 30 which unveiled more fundamental understandings regarding CO 2 photoreduction, and has suggested corresponding studies on supported subnanometer clusters.
In this article, we study the impact of photoexcited electrons on the interplay of CO 2 and supported Pt clusters. The objectives of this study are to (i) find out whether or not the subnanometer Pt clusters help the transfer of the negative charge to the adsorbed CO 2 to enhance the formation of CO 2 anions, (ii) investigate energetics and structures of the adsorbed CO 2 species, (iii) see if there is any impact on clusters' morphology upon the electron addition, and (vi) study the effect of extra electron on the CO 2 dissociation to CO. Together with our previous work regarding neutral Pt clusters deposited on TiO 2 surfaces, 18, 19 this study further advances the design of potential subnanometer metal cluster/semiconductor photocatalysts for CO 2 photoreduction.
Computational Methods
Anatase TiO 2 (101) was studied because it is the standard material for the fundamental study of photocatalysis, 31 as well as the main constituent of the widely used commercial photocatalyst (Degussa P25). 32 The DFT calculations were performed using the VASP (Vienna Ab Initio Simulation package) code. [33] [34] [35] The Perdew-Burke-Ernzerhof (PBE) functional of the generalized gradient approximation (GGA) 36 was adopted to deal with the exchange-correlation energy. The projector-augmented wave (PAW) 37 method was used for pseudopotentials. A plane wave basis set was used with a cutoff energy of 500 eV. Convergence criteria of the self-consistent loop and force per atom were set to 10 -5 eV and 0.01 eV/Å, respectively. Spin-polarized calculations were incorporated in all calculations with a Monkhorst-Pack 38 mesh of 2x2x1 k-points.
Past studies simulated the effects of photoexcited electrons either by introducing extra electrons directly into the system with compensating neutralizing positive background charges 21, 24, 39 , or by attaching hydrogen atoms that can donate electrons to the conduction band. 21, 40 He et al. 21 studied the energetics of adsorbed CO 2 on anatase TiO 2 (101) surfaces upon the addition of one electron, and similar study was investigated on brookite TiO 2 surfaces. 24 The mechanistic steps leading to HCOOH and CO were studied on the bulk TiO 2 surface and a TiO 2 nanocluster upon the addition of electrons; 39 such steps were also studied by attaching a hydrogen atom to the surface 2-fold bridging O atom to simulate photoexcited electrons. 40 Note that He et al. 21 obtained less favorable CO 2 adsorption energies (less negative or more positive, with one exception) using the approach of adding extra electrons to the periodic models as compared to results obtained using the alternative approach of adding hydrogen atoms as the electron source.
The calculated amount of charge transfer was comparable using both methods. In our work, photoexcited electrons were simulated by adding electrons to the model systems with compensating positive background charges. The addition of one to three electrons was studied.
Note that this approximation assumes complete charge separation of electrons from holes in the photoabsorber. Based on the analysis of He et al., 21 we expect our results to yield slightly less favored adsorption configurations than would be obtained by the alternative addition of hydrogen atoms.
The Bader charge 41 of the adsorbed CO 2 on supported Pt clusters was analyzed to understand the charge transfer upon electron addition. Density plots and charge density differences with isosurfaces of 0.001 and 0.002e/Å 3 , respectively, were studied to gain insights into the cluster reconstruction. The climbing image nudged elastic band method (CI-NEB) [42] [43] [44] (Γ point sampling and spin restricted) was used to assess the effect of an extra electron on energy barrier of CO 2 dissociation to CO. The CO 2 adsorption energies on charged model surfaces were calculated as the difference between the total energy of the composite system (CO 2 adsorbed on charged TiO 2 -supported Pt clusters) and the sum of total energies of the isolated CO 2 and charged TiO 2 -supported Pt surfaces, more negative adsorption energy indicating more favorable adsorption sites. The vibrational frequencies were calculated using the frozen-phonon approach with a displacement of 0.015 Å for the C and O atoms of the adsorbed CO 2 on the charged model surfaces. 47, 48 or binding of adsorbates 49 on perfect or reduced TiO 2 surfaces. Therefore, for simplicity the results in this study were performed without a Hubbard U correction. We underscore that our focus is on understanding trends, which should be well preserved; quantitative measures should therefore be taken with a word of caution due to possible limitations in the chosen method.
Here, we have also neglected explicit thermal effects. Note that thermal effects could alter the geometries of the adsorbed CO 2 anion and CO 2 species; however, the charge transfer involved in the formation of CO 2 anion from adsorbed CO 2 species is less likely to be significantly affected, as is the systematic comparison between CO 2 and the CO 2 anion. In our previous study, 18 we estimated the thermal effect on adsorption by comparing the adsorption energy of CO 2 linearly adsorbed on the TiO 2 surface with an oxygen vacancy (the same simulation method as used in this work) to similar models using NEB and MD simulations. 50 We speculated that values of adsorption energies around or below 0.36eV could become unstable at room temperature once thermal effects are considered. We also point out that even if thermal effects have little impact on the charge transfer, there is a possibility that a phonon-assisted mechanism could enhance CO 2 dissociation, which would not be captured in the current study.
Another factor that we do not explicitly consider is the role of H 2 O molecules, which are known to play a part in CO 2 photoreduction. The interplay of CO 2 , H 2 O, and the photocatalyst could have an effect on the local geometries of adsorbed CO 2 species. In this case, other interesting CO 2 adsorption configurations may exist, which could help charge transfer to facilitate the formation of the CO 2 anion. Although beyond the scope of our current investigation, the incorporation of H 2 O molecules would be an interesting topic for future study, and the identified adsorption sites and the systematic comparison adopted in our work would help such an investigation aiming at the success of the CO 2 photoreduction.
Results and Discussions
To study the effect of photoexcited electrons on the formation of CO 2 from adsorbed CO 2 species-the first and key step in CO 2 photoreduction-we adopted the method of varying the total charges while introducing uniform compensating background charges. One, two, and three electrons were incorporated into systems of CO 2 adsorbed on stoichiometric and reduced TiO 2supported Pt tetramers, hexamers, and octamers. 18, 19 In the sections below, we discuss the effect of the extra electrons on four basic ingredients relevant to the success of the first and key photoreduction step: 18 the availability of CO 2 binding sites, corresponding adsorption energy, bent geometry of CO 2 , and the charge transfer to adsorbed CO 2 . The results are compared with our previous results on neutral model slabs. 18, 19 A representative set of configurations from our previous work was chosen in order to showcase the effects of the electron injection across a wide variety of Pt cluster sizes and introduces the notation used throughout this text and our previous work 18, 19 . B2 and BVo1
( Figure 1a&b ) are reference adsorption sites on TiO 2 without the presence of the metal cluster (bare surface), where the latter includes an oxygen vacancy (Vo). PT2 (Figure 1c ) is a site associated with a TiO 2 -supported Pt tetramer cluster that is not in direct contact with the cluster.
PT1, PTVo1, PHVo1, PH2, PO2, and POVo1 (Figure 1d- 
Effects of Injected eon Structural Parameters, Energetics, and Vibrational Frequencies
We begin the discussion with the effect of injected electrons on structural parameters of adsorbed CO 2 : the O-C-O angle, intra bond distances of CO 2 , and bond distances between CO 2 and the Pt cluster. We then discuss whether the introduced electrons improve metastable and stable CO 2 binding to adsorption sites originally identified on neutral slabs. 18, 19 The formation of CO 2 anions upon the electron injection is then investigated. The relation between enhanced CO 2 binding and charge transfer is also established. This section ends with the discussion on the effect on vibrational frequencies, which can be used to reveal geometric and electronic information regarding the adsorbed CO 2 for corresponding experimental studies.
The Effect on Structural Parameters
Observing structures of the CO 2 configurations previously determined to be stable on neutral tends to converge to around 2.00Å after the addition of three electrons. The information of bond lengths can be found in SI Table S1-S5. 
The Effect on Adsorption Energy
In this section, we discuss the role of excess electrons in altering the adsorption properties of CO 2 on the TiO 2 -supported Pt clusters. Upon the addition of electrons, we find that some metastable adsorption sites (originally identified on neutral surfaces 18, 19 and POVo4). This reveals that on supported Pt clusters the smaller the cluster is, the more apparent the impact of the introduced electron will be. In general, the extra electrons tend to enhance the CO 2 binding strength, and such enhancement varies in terms of the cluster's presence and the cluster size.
Cluster-Enhanced Charge Transfer
We find that most sites not associated with Pt clusters do not populate electrons to the C of adsorbed CO 2 , which is crucial to the formation of the CO 2 anion. 21 Even though the added electrons may stabilize CO 2 adsorption on sites that were originally metastable on neutral surfaces, the negative charge transfers to those CO 2 molecules are limited. In contrast, supported
Pt clusters help electron transfer to the adsorbed CO 2 (especially at Pt only sites) upon electron addition. This is a promising result, because it means supported subnanometer Pt clusters not only provide adsorption sites for bent form CO 2 , 18 but also help the electron transfer to bound CO 2 to facilitate the formation of CO 2 anions. The correlation between charge transfer to CO 2 and its corresponding adsorption energy is also established in this section. Together with previous sections, it is suggested that the irradiation of light can strengthen the CO 2 binding, improve availability of CO 2 binding sites, and facilitate negative charge transfer to C on supported Pt cluster surfaces. Figure S6 in SI illustrates the transfer of negative charges to C of CO 2 regarding sites only in contact with TiO 2 . These include B1, B2, and BVo1-BVo5, which are configurations without any clusters, as well as PT2, PTVo2, PO4, and POVo5, which feature CO 2 adsorption directly on the TiO 2 rather than in contact with the clusters. In most cases, injected electrons barely facilitate negative charge transfer to the adsorbed CO 2 (with the exception of BVo4). The observation that Pt only sites exhibit the strongest dependence on electron injection, both in terms of the relative degree of charge transfer ( Figure 5 ) and CO 2 adsorption energy ( Figure 4) , can be readily understood by considering that the additional electrons will tend to accumulate on the metal Pt atoms. As a result, CO 2 molecules that have maximal direct contact with these atoms are most likely to be affected. Furthermore, from our previous study, we have shown that the binding of CO 2 in the Pt related sites is facilitated by the hybridization of the bonding molecular orbitals of CO 2 with d orbitals of the Pt atoms. 18 We therefore suggest that the bonding orbitals formed by CO 2 and Pt clusters serve as channels for the negative charge to transfer to the adsorbed CO 2 .
CO 2 Adsorption Directly on TiO 2 .
Correlation to CO 2 Adsorption Energy. We find positive correlations between the number of injected electrons and the adsorption energy, as well as the negative charge transferred to C of CO 2 . We can ask: "Is the enhanced CO 2 adsorption due to the charge transfer to C?" Indeed, comparison of the Pt only and interface edge sites in Figure 4 to those in Figure 5 Page 18 of 32 Physical Chemistry Chemical Physics reveals the existence of a correlation of charge transfer to C with enhanced adsorption energy for some adsorption sites and cluster sizes. Observing all Pt only sites (PT1, PH2, PH4, PHVo1, PO2, PO3, POVo2, and POVo3) in Figure 4b and Figure 5b , we can clearly see that the increase of negative charge to C agrees well with the increase in adsorption energy. This charge increase is believed to maximize the formation of bonding orbitals between C and Pt clusters, leading to enhanced adsorption energy. 18 However, analyzing interface edge sites (PTVo1, PH1, PH3, PHVo2, PO1, POVo1, and POVo4) shown in Figure 4a and Figure 5a , the correlation starts to become less clear.
PTVo1 & PHVo2 show the same correlations and increasing trends exhibited at Pt only sites;
PH3 also exhibits a similar correlation and trend. However, the octamers (PO1, POVo1, and POVo4) show no such correlation for interface edge sites. We therefore conclude that there is a strong cluster size dependence for these sites, with smaller clusters tending to exhibit a clearer correlation between charge transfer and absorption energy. We found that the negative charge accumulation per atom of the clusters upon each electron injection is inversely proportional to the cluster size, which may explain why the addition of electrons has stronger impact on smaller clusters. Similarly, larger clusters also provide more closely spaced energy states, and are therefore likely to have a relatively weaker dependence of the energy on the occupation of these states.
The results in Figures 4 and 5 also reveal that cluster size is more of a factor than cluster morphology in determining the degree of correlation between adsorption energy and charge transfer. This is evident because identical trends were observed on all three morphologies considered: 2D (PTVo1), 2D/3D (PHVo2), and 3D (PH1 and PH3) clusters. Furthermore, we caution that the amount of the negative charge at C does not necessarily imply stronger CO 2 adsorption in all cases. Looking at Figure 5a , PHVo2 has a comparable amount of charge accumulation as PH1, and has more charge transfer than that of PTVo1; however, shown in Figure 4a the adsorption energies of these sites do not reflect such charge accumulations. It is likely that each site has its specific charge threshold to sustain CO 2 binding.
Effect on Vibrational Frequencies
Page 20 of 32 Physical Chemistry Chemical Physics Vibrational frequencies 18, 21, 24 computed from DFT models have shown relatively good agreement with experimental results 51, 52 on the spectra of adsorbed CO 2 species. We have proposed using symmetric (ν1), bending (ν2), and asymmetric (ν3) frequencies to gain insights into the negative charge at the adsorbed CO 2 , the O-C-O angle of adsorbed CO 2 , and identifying adsorption sites. 18, 19 Upon electron addition, we find that vibrational frequencies respond consistently with our previous findings. Shown in Figure 6a and 6b are adsorption sites on stoichiometric and reduced surfaces, respectively, decorated with Pt tetramers, hexamers, and octamers. In general, on all surfaces ν2 increases as more electrons are introduced, and ν3 exhibits the opposite trend. This frequency increase/decrease is attributed to the variations in charge accumulated at C and the O-C-O angles of CO 2 . 18, 19 Note that in SI Figure S7 , we show that our previously established correlations between ν2 and the negative charge accumulation at C and between ν3 and the O-C-O angle can be extended to incorporate the effect upon the addition of electrons, which suggests the generality of the correlations to incorporate a certain range of the cluster size and charge state of the slabs. From the CO 2 adsorption sites obtained from supported Pt tetramers, hexamers, and octamers on neutral and charged slabs, the vibrational frequencies can be correlated with the electronic and structural information of the adsorbed CO 2 as shown in Table 2 . This could be useful in interpretation of experimentally measured values. 
Adsorbate Induced Cluster Reconstruction upon Injected Electrons
Imaoka et al. 53 concluded that for nanometer scale (2-10nm) particles, the size is well correlated with the catalytic activity, while for subnanometer scale (0.5-2nm) clusters, the morphology/geometry becomes a dominating factor rather than the size. A recent study regarding Au particles also showed variations in catalytic activities among the individual atom, Page 22 of 32 Physical Chemistry Chemical Physics monolayer, multilayer and nanoparticle morphologies. 54 The morphology/geometry is thus critical to subnanometeric catalysis. We find that on the supported Pt hexamer (PH2, 1-Pt only site), the cluster modifies its structure when more and more electrons are injected. We therefore select this configuration for more detailed analysis. As seen in Figure 7a -d, the bond length of Pt1 and Pt4 starts to increase upon the electron addition, and there is an abrupt bond elongation from 2.99 to 3.30Å when two electrons are added. After the addition of three electrons, the bond between Pt1 and Pt4 breaks as CO 2 simultaneously changes its orientation. From the electron density difference of PH2 between the neutral configuration and configurations with additional electrons (Figure 7a-d) , it can be seen that the first electron accumulates at Pt6 and CO 2 . With three extra electrons, a bonding interaction between CO 2 and Pt6 is established, causing the breaking of the interaction between Pt1 and Pt4. This is believed to drive the reconstruction of the Pt hexamer. The inclination to maximize the bonding interaction between CO 2 and Pt6 directs CO 2 to change its orientation to facilitate stronger adsorption. This enables CO 2 to move Pt4, which CO 2 is tightly bound to, away from its position in the cluster, resulting in cluster reconstruction. Summing the Bader charges of the atoms within the adsorbed CO 2 molecule, we find charge accumulation from -0.30e to -0.41e, -0.53e, and -0.73e going from neutral to one, two, and three electrons, respectively. This implies that more electron addition contributes to stronger bonding between formation of bonding interaction between CO 2 with other Pt atoms of the cluster and preventing reconstruction. This suggests that this geometry transformation is site specific, and likely to happen on the sites where the bound adsorbate has sufficient freedom to move (e.g., 1-Pt CO 2 adsorption site). Figure 7 . The geometry and electron density difference of CO 2 induced geometry reconstruction of a 1-Pt only site on supported hexamer, PH2 (refer to Figure 1g ), upon the addition of electrons from (a) neutral to (c)-(d) one to three extra electrons, respectively. For (d), two different views of the charge density difference are shown for clarity. The electron density difference is based on ρ A+B -ρ A -ρ B, where ρ represents electron density, and A and B represents supported hexamer and CO 2 , respectively, within the relaxed geometry of the combined A+B system; PH represents Pt hexamer; 1e-3e represents the addition of 1-3 electrons; blue cloud represents negative charge density difference, and yellow cloud represents positive.
Effect of eon CO 2 Dissociation to CO
We previously showed that supported Pt octamers on the neutral anatase TiO 2 surface with an oxygen vacancy can dissociate CO 2 to CO. 18 This can be attributed to the supported Pt cluster's dual effects of filling antibonding orbitals of adsorbed CO 2 to help break the C-O bond, and of permitting structural fluxionality to help stabilize intermediates and products. 18 Upon the addition of an electron (or photoexcited electron), we find that this behavior is retained, with modest possible enhancement in the predicted kinetics. 18 The initial barrier for the transition from CF1* to CF2* is increased by the addition of an electron. This can be explained based on the conclusion in the previous sections that the extra electron enhances the CO 2 adsorption energy, making it harder to initiate the interactions between Pt octamer and CO 2 . The rate limiting step is the C-O bond cleavage step, illustrated in CF3*-CF4*, for which the barrier is slightly reduced with an added electron. This is due to more filling of antibonding orbitals. 18, 55 Taken together, the results in Figure 8 indicate that the effect of the extra electron on CO 2 dissociation is comparatively minor. However, we hypothesize that the C-O bond cleavage step is facilitated by more filling of antibonding orbitals of CO 2 . From Figure 5 , it is shown that upon adding more electrons, charge will accumulate on CO 2 , which should lead to more filling of antibonding orbitals. Therefore, there is reason to believe that when more extra electrons are added to the system, the cleavage of the C-O bond could be enhanced. Moreover, in practice, thermal effects, which are neglected here, may come to play. During the dissociation process, the CO 2 is highly energetic with extra electrons as compared to the neutral case, allowing a phonon-assisted mechanism to possibly enhance CO 2 dissociation. The topics will be left for future study. Note that the energies of the dissociated final states are lower than that of the initial states of the adsorbed CO 2 , which thermodynamically favors the spontaneity of the CO 2 dissociation on reduced TiO 2 -supported Pt octamer surface.
Conclusions
In summary, we have carried out a systematic study to investigate the potential of subnanometer metal clusters based photocatalysts for CO 2 photoreduction. [17] [18] [19] We find that the addition of electrons (simulating photoexcited electrons due to light irradiation) to TiO 2 -supported Pt clusters can have a significant effect on the CO 2 adsorption energy, on the availability of binding sites for the bent form of CO 2 , and on the charge transfer to form CO 2 anions.
Among CO 2 adsorption sites associated with the presence of Pt clusters (Pt only and interface edge sites), Pt only sites generally respond more consistently than interface edge sites upon electron addition. Extra electrons were found to have a significant stabilizing effect on the CO 2 adsorption; sites that were previously identified as metastable for CO 2 adsorption on the neutral surface are stabilized, and the binding of originally stable sites tend to be strengthened.
The stronger binding is accompanied by a decrease in the O-C-O angle of adsorbed CO 2 . The stabilization of CO 2 binding was further shown to be related to the Pt cluster's presence and cluster size, with relatively stronger CO 2 stabilization observed for smaller clusters.
Our findings suggest that light irradiation on Pt cluster-based photocatalysts strengthens the CO 2 adsorption and enhances the availability of accessible binding sites. Adsorption sites associated with Pt clusters also facilitate the charge transfer to C of the bound CO 2 upon electron addition, which promotes the formation of a CO 2 anion. This charge transfer correlates with the enhanced adsorption energy, especially in Pt only sites with smaller clusters.
Prior work showed positive correlations between vibration frequency ν2 and charge accumulated at C of CO 2 and between correlation between ν3 and O-C-O angles of CO 2, 18, 19 and we find these trends still hold true upon the addition of electrons. Correlations are proposed to predict angles and charge states of bound CO 2 given the vibrational frequencies. The addition of electrons results in the morphology transformation of certain configurations, including the supported Pt hexamer, which is believed to be due to the extra bonding interaction of CO 2 and Pt clusters. Upon the incorporation of one electron, the slight reduction in the energy barrier of CO 2 dissociation to CO suggests that photoexcited electrons may also somewhat promote this dissociation the surface of supported Pt clusters. Our work offers further support that the deposition of subnanometer metal clusters on photocatalysts is a promising framework of photocatalysts for CO 2 photoreduction. We suggest that computational studies such as these can elucidate mechanistic understandings to help screen and improve potential photocatalysts. 
